Early embryonic cells in Caenorhabditis elegans embryos interact through a signaling pathway closely related to the Notch signaling pathway in Drosophila and vertebrates.Components of this pathway include a ligand, receptor, the presenilin proteins, and a novel protein, APH-2, that is related to the Nicastrin protein in humans. Here we identify the aph-1 gene as a new component of the Notch pathway in Caenorhabditis elegans. aph-1 is predicted to encode a novel, highly conserved multipass membrane protein. We show that aph-1 and the presenilin genes share a similar function in that they are both required for proper cell-surface localization of APH-2͞Nicastrin.
T
he Notch signaling pathway mediates a variety of cell interactions that control cell fate specification during metazoan development. Components of the Notch signaling pathway are highly conserved among vertebrates and invertebrates (1) (2) (3) . It is now clear that the presenilin proteins implicated in Alzheimer's disease in humans have a role in normal development in the Notch signaling pathway. In response to its ligand, Notch receptor undergoes a series of cleavage events culminating in a final presenilin-mediated intramembranous cleavage that releases the Notch intracellular domain (4) . This fragment is then free to travel to the nucleus, where it influences transcriptional regulation (1) (2) (3) . The role of presenilins in processing of the Notch receptor is related to their role in processing amyloid precursor protein, the protein that accumulates in Alzheimer's disease patients. Recent studies have shown that the human presenilins exist in a complex with a protein called Nicastrin (5) . The Caenorhabditis elegans orthologue of Nicastrin, APH-2, is essential for Notch signaling during early embryogenesis (6) ; however, the exact role of APH-2͞Nicastrin is not known.
The first requirements for the Notch signaling pathway in C. elegans development occur during the 4-cell and 12-cell stages of embryogenesis. Cell interactions at these stages are mediated by GLP-1, a receptor closely related to Drosophila Notch. The 12-cell interaction is required for the development of the anterior half of the pharynx, and embryos defective in this interaction have an Aph (anterior pharynx defective) phenotype (6) . Although the posterior half of the pharynx normally contains many of the same differentiated cell types as the anterior half, it develops through a pathway that is independent of Notch signaling. Mutations in genes, such as pha-1 or pha-4, that control the differentiation of the various cell types within the pharynx affect the development of both the anterior and posterior halves of the pharynx (7, 8) . In contrast, removal of Notch pathway components, such as GLP-1, LAG-1, APH-2, or the two presenilin proteins SEL-12 and HOP-1, causes an Aph phenotype (6, (9) (10) (11) (12) . GLP-1 and a second receptor related to Notch called LIN-12 function in multiple cell interactions during subsequent embryonic and postembryonic development (2, 3) . These include GLP-1-mediated interactions that are required for germline proliferation and LIN-12-mediated interactions that are required for the development of the egg-laying system.
We have identified aph-1 as a gene that is involved in Notch signaling in the early C. elegans embryo, and show that closely related genes exist in Drosophila, mice, and humans. Mutations in aph-1 cause the embryonic Aph phenotype, indicative of defective Notch signaling at the 4-and 12-cell stages of embryogenesis. At these stages, the aph-1 mutant embryos show a marked defect in the ability to localize the Notch pathway component APH-2͞Nicastrin. We show that inactivation of the presenilin genes causes a very similar mislocalization of APH2͞Nicastrin.
Materials and Methods
Strains and Genetic Analysis. Bristol strain N2 was used as the standard wild-type strain, and culture and genetic analysis was as described by Brenner (13) . The following genetic markers were used: (14) , and the balancer: hT2[bli-4(e937) let-?(h661)] (I;III). zu123 and zu147 were isolated as described (15) . Hermaphrodites heterozygous for aph-1(zu123) and the chromosomal deficiency nDf25 are viable and lay dead embryos that resemble aph-1(zu123) embryos (100% inviable, n ϭ 1,149 from six heterozygous mothers).
Analysis of Embryos.
Embryos were collected and prepared for microscopy as described (6) . The following antisera͞markers were used: pharyngeal cells, mAb 3NB12 (9), hypodermal cell boundaries, jam-1::GFP fusion construct, jcIs1 (16), anti-APX-1 polyclonal serum (17) , anti-GLP-1 affinity-purified polyclonal serum (kindly provided by S. Crittenden and J. Kimble; ref. 18 ), anti-APH-2 affinity-purified polyclonal serum (6) . For quantification of embryo survival, individual homozygous mothers were allowed to lay 30-100 eggs, and the number of unhatched eggs was scored 15-25 h later. Egg laying and sterility were scored on individual L4 worms monitored daily for 4-5 days. Worms were scored as egg laying defective if eggs developed inside the parent instead of being laid, or scored as sterile if no eggs were produced. Sterile worms were found to contain sperm, a few undifferentiated germ cells, and very few or no mature oocytes. Anchor cells were scored in L3 worms by light microscopy.
Molecular Analysis of aph-1. Transformation rescue was analyzed in unc-29 aph-1(zu123)͞unc-13 lin-11 animals by using the transformation marker pRF4 (19) . A 1.7 kb rescuing genomic fragment, generated by PCR from the rescuing yeast artificial chromosome Y62H1, contained 163 bp of upstream untranslated sequence and 248 bp of downstream untranslated sequence; this fragment rescued the embryonic lethality of aph-1(zu123) and aph-1(or28) as well as the egg-laying defect of aph-1(or28). The sequence of aph-1 mutants was obtained by amplifying the 1.7-kb genomic region directly from single aph-1 homozygous worms (Advantage high-fidelity PCR kit, CLONTECH) and obtaining double-stranded sequence for the complete 1.7-kb fragment. Sequencing was performed by the University of Massachusetts Automated DNA Sequencing Facility. Sequence differences between mutant and wild-type fragments were verified on independent PCR products. To obtain aph-1 cDNAs, total worm RNA was extracted from wild-type N2 worms by using Ultraspec (Biotecx Laboratories, Houston) and used with Moloney murine leukemia virus (M-MuLV) reverse transcriptase (New England Biolabs) and poly(T) oligomers to make cDNA. Primers specific for the C. elegans SL1 or SL2 trans-splicing leaders (20) or for the 5Ј end of the predicted aph-1 gene were coupled with a primer specific for the predicted 3Ј untranslated end of aph-1 and used to amplify aph-1 cDNA products (Advantage cDNA PCR kit, CLONTECH). More than 10 independent cDNA amplifications were carried out, and all products matched the expected splicing prediction for VF36H2L.1 with the addition of either SL1 or SL2 sequences at the 5Ј end. Five of these products were fully sequenced. The 3Ј end of the gene was also confirmed by the sequence reported for the independently isolated 3Ј partial cDNA, CEESY69 (GenBank Accession number T02051). Searches of public database were performed by National Center for Biotechnology Information BLAST (http:͞͞www.ncbi.nlm.nih. gov͞blast) and alignments were performed by using CLUSTALW, courtesy of the Human Genome Sequencing Center at Baylor College of Medicine. Transmembrane regions were predicted according to Kyte and Doolittle (21) RNA Interference. A complete aph-1 cDNA was cloned into pBluescript plasmid vector (Stratagene) and transcribed with the Ampliscribe kit (Epicentre Technologies, Madison, WI). Double-stranded RNA at a concentration of 300-500 ng/l was injected into N2 worms at the L4 or young adult stage. Eight hours after injection the injected animals were placed on fresh plates for 12-h intervals, and their progeny were analyzed as described above.
Analysis of hop-1; sel-12 Double Mutants. The hop-1; sel-12 double mutants were generated by injecting homozygous sel-12 L4-stage worms with double-stranded RNA transcribed as above from a hop-1 cDNA clone (11) (kindly provided by Iva Greenwald, Columbia University, New York). Injected worms were kept at 20°C; 18-20 h after injection, embryos were collected from parents and prepared for immunofluorescence as described above. Of all 2-to 12-cell stage embryos in which APH-2 could be detected, 71% showed perinuclear localization of APH-2 (n ϭ 42 from Ͼ30 injected mothers). To assess the efficiency of hop-1 RNA-mediated interference (RNAi), embryos from five injected animals were allowed to develop instead of being processed for immunofluorescence; 78% became arrested in embryogenesis with Aph-like characteristics (n ϭ 191).
Results

Isolation and Phenotypic Characterization of aph-1 Mutants.
We used a genetic screen described in ref. 6 to identify Aph mutants. In addition to several alleles of glp-1 and aph-2, we isolated two noncomplementing mutations that mapped to a position on chromosome I that did not correspond to the positions of any known component of the Notch pathway. We designate these mutations, zu123 and zu147, as alleles of a previously uncharacterized gene, aph-1. A third allele of aph-1, or28, was identified in an independent screen by Bruce Bowerman (personal communication). Each of the aph-1 alleles is a recessive, maternaleffect mutation. All (100%) of the embryos produced by homozygous zu123 and or28 mothers are inviable (n Ͼ 3000). The zu147 mutation appears to be slightly weaker, with 95.8% embryonic lethality (n ϭ 3,394).
As expected for a Notch pathway component, aph-1 mutant embryos lack the anterior pharynx but can develop a relatively normal posterior pharynx ( Fig. 1 e and f ) . The posterior pharynx can form a specialized cuticular structure called the grinder that normally differentiates late in embryogenesis, and the muscles in the posterior pharynx can contract. A second hallmark of a defect in the Notch-mediated 12-cell interaction is the development of supernumerary lateral skin cells; these extra cells are apparent in embryos homozygous for weak glp-1 and aph-2 alleles that disrupt primarily the 12-cell interaction (6, 15, 23, 24) ( Fig. 1g ; see also ref. 15 ). We observed a very similar pattern of ectopic skin cells in embryos from mothers homozygous for the weak allele aph-1(zu147) (Fig. 1g) . Strong mutations in Notch pathway components prevent the 4-cell interaction in addition to preventing the 12-cell interaction (6, 15, 24, 25) . In addition to the Aph phenotype, such mutations cause transformations in cell fate that prevent morphogenesis and cause skin cells to clump together on the dorsal surface (6, 15) . We found that the strong alleles aph-1(zu123) and aph-1(or28) prevented body enclosure with the characteristic dorsal clump of skin cells (99.7%, n ϭ 743 and 100%, n ϭ 289 respectively). Although aph-1 mutants show defects associated with Notch signaling at the 4-cell stage, they do not show defects in concurrent interactions that are mediated by a separate, wingless Wnt-like signaling pathway. During the 4-cell stage of wild-type embryogenesis, the P2 blastomere provides separate signals for the Notch-mediated and Wntmediated interactions. Defects in the Wnt-mediated interactions can prevent the specification of intestinal cells (26) ; however, intestinal cells were present in nearly all aph-1 mutant embryos (zu123: 99.2%, n ϭ 498; or28: 99.6%, n ϭ 289; zu147: 99.1%, n ϭ 340).
We addressed whether aph-1 participates in postembryonic cell interactions that are mediated by the Notch pathway. In wild-type larvae, the proliferation of germ-line cells requires GLP-1-mediated interactions with a somatic cell called the distal tip cell (27) . We found that RNAi (28) of the aph-1 gene in wild-type adults caused most of the embryos to die with Aph terminal phenotypes (data not shown). However, the surviving embryos developed into adults that were sterile (94% sterility, n ϭ 1,106). These adults appeared to have underproliferated germ lines; the gonads lacked oocytes, and sperm were present in the place of mitotic germ cells. Although we have not investigated the cellular defect responsible for sterility, these features are characteristic of adults lacking either glp-1 function (27) or the functions of the presenilins hop-1 and sel-12 (11, 12) . Because homozygous aph-1 mutant adults that are produced by the self-fertilization of heterozygous hermaphrodites do not show a similar sterility, we propose that maternally provided aph-1(ϩ) function is sufficient for germ-line proliferation. Development of the egg-laying system requires LIN-12 function to specify a cell called the anchor cell, and to mediate additional signaling events that occur after the anchor cell is specified (2, 29, 30) . We found that the aph-1(or28) mutation caused a recessive, fully penetrant egg-laying defect (100%, n Ͼ 600). The aph-1(or28) larvae correctly specified a single anchor cell (n ϭ 43). Thus aph-1(or28) appears to disrupt the development of the egg-laying system after the anchor cell is specified. Certain alleles of the Notch pathway genes lin-12, sel-12, and aph-2 also cause an egg-laying defect after anchor cell specification, and these phenotypes have been demonstrated to result from defects in uterine cell specification (6, 14, 29, 31, 32) .
Identification of the aph-1 Gene Product. The position of aph-1 on chromosome I was determined by mapping relative to visible markers and DNA polymorphisms (data available from the Caenorhabditis Genetics Center, University of Minnesota, St. Paul). Transformation rescue of aph-1 mutants was obtained with two overlapping C. elegans͞yeast artificial chromosome DNAs, Y62H1 and YG434, and a 1.7-kb genomic fragment from the overlap region. This fragment contains a single predicted gene, VF36H2L.1, hereafter called aph-1 (GenBank accession no. AL021466). We cloned and sequenced five independent aph-1 cDNAs by reverse transcription PCR of mixed stage wild-type worm RNA and found their sequences to correspond exactly to that predicted for VF36H2L.1 by Gene Finder as part of the C. elegans Genome Project. The aph-1 cDNAs contain each of the four predicted exons and a C. elegans leader sequence, SL1 or SL2 (20) , trans-spliced 2 bp before the start codon. The predicted initiator methionine codon is mutated to an isoleucine codon in the aph-1(zu123) allele.
The predicted APH-1 protein is not related to any known proteins. However, database searches identified DNA sequences in humans, mice, and Drosophila that could encode proteins closely related to APH-1 (Fig. 2a) . Hydropathy plot analysis showed that APH-1 and related proteins are largely hydrophobic, with a common pattern of seven hydrophobic regions that are predicted to be membrane-spanning regions (Fig. 2b) . None of the proteins contain predicted glycosylation sites, consistent with the idea that the majority of the protein is embedded within a cellular membrane. There are conserved, hydrophilic residues within the hydrophobic domains (Cys-9, Ser-45, Ser-50, Ser-130, Fig. 2. (a) alignment of the predicted APH-1 protein of C. elegans with related proteins in Drosophila (33% identity, GenBank accession no. AAF51212) and humans (33% and 34% identity, GenBank accession nos. AAD34072 and AL136671, respectively). Each of the two human genes also has a highly related mouse gene, which is not shown here (GenBank accession nos. AC015932.1 and AK002310). Identical amino acids are black and conserved amino acids are gray; predicted transmembrane domains are overlined. Asterisks correspond to positions of aph-1 mutations as follows. zu123, Met to Ile; or28, Gly to Asp; zu147, Arg to opal stop codon. (b) APH-1 hydrophobicity plots (21) ; alignments as shown in a; predicted membrane-spanning regions are numbered above the plots.
His-183, Ser-213, His-214, Ser-257), suggesting that these residues may be critical for protein structure or interactions with other proteins. The aph-1(or28) mutation is predicted to replace a glycine residue with an aspartic acid residue within the fourth hydrophobic domain, and may therefore disrupt the topography of APH-1 in the membrane. The C. elegans APH-1 protein is unique in containing a hydrophilic 40-aa ''tail'' at the C terminus. The aph-1(zu147) mutation results in a premature stop codon near the beginning of this hydrophilic tail. Because aph-1(zu147) appears to be a hypomorphic allele that retains some aph-1(ϩ) activity, the nonconserved C-terminal tail may not be essential for APH-1 function. We note that the only other multipass membrane proteins known to act in C. elegans Notch pathways are the presenilin proteins.
APH-1 and Presenilins Are Required for Cell-Surface Localization of
APH-2. Because of its characteristics as a membrane protein, we asked whether the APH-1 protein might influence the expression or localization of cell-surface components of the Notch pathway in the early embryo. In wild-type 4-cell stage embryos, the ligand APX-1 is localized to the surface membrane of the posterior-most cell (Fig. 1d) , where it contacts one of the two cells that express the receptor GLP-1 (17, 18) (Fig. 3a) . The APH-2 protein is associated with the surface membranes of all four cells (Fig. 3b) (6) . We found that APX-1 and GLP-1 had the wild-type localization pattern in aph-1 mutant embryos (Figs. 1h  and 3c) ; however, the APH-2 protein was mislocalized in all aph-1 mutant embryos examined (n Ͼ 200 embryos between the 2-cell and 28-cell stages). In aph-1 mutant embryos, APH-2 was not detectable on the cell surface, and was instead prominent in the cytoplasm of all four cells, where it was concentrated around the nucleus in a pattern characteristic of the endoplasmic reticulum (Fig. 3d) . These results suggest that APH-1 facilitates the translocation of APH-2 to the cell surface.
Presenilin proteins have been localized to the endoplasmic reticulum in some systems, and are essential for Notch signaling (4, 11, 12, 31) . Because the human orthologue of APH-2, Nicastrin, has been shown to associate with presenilins (5), we asked whether presenilin function was required for APH-2 localization. Remarkably, presenilin-deficient embryos showed an abnormal accumulation of APH-2 around the nucleus in an apparently identical pattern to that of aph-1 mutant embryos (Fig. 3f ) ; these embryos had the wild-type pattern of GLP-1 localization (Fig. 3e) . These results suggest that the presenilins and APH-1 may function together in an event that is a prerequisite for APH-2 to localize to the cell surface.
Discussion
We have shown that the phenotypes of aph-1 mutant embryos are similar in all respects to the embryonic phenotypes associated previously with mutations in the C. elegans Notch pathway components. In addition, we have shown that APH-1 is required for the proper cell surface localization of the Notch pathway component APH-2͞Nicastrin. We do not believe that APH-1 has a general role in protein secretion, because localization of the transmembrane receptor GLP-1 and transmembrane ligand APX-1 both appear normal in aph-1 mutant embryos. Moreover, interactions at the 4-cell stage that are mediated by secreted and transmembrane components of a separate, Wnt-like, signaling pathway appear to occur normally in aph-1 mutant embryos. We conclude from these several lines of evidence that the aph-1 gene is a component of the Notch signaling pathway in C. elegans. The observation that the Drosophila and human genomes contain predicted proteins that are closely related to APH-1 protein raises the possibility that these proteins have similar roles in Notch signaling.
Homozygous aph-1 mutant embryos produced from heterozygous parents do not exhibit at least some of the late embryonic defects described previously in mutants lacking both of the receptors encoded by glp-1 and lin-12 (the ''Lag'' phenotype; ref. 33) . Although it is possible that certain Notch-mediated interactions have no, or different, requirements for aph-1 function, a simple explanation for this difference is that maternally contributed aph-1 is sufficient to mediate late embryonic cell-fate decisions. For example, maternal hop-1 activity appears to prevent hop-1; sel-12 double mutants from displaying the Lag phenotype (12) . We have shown that maternally provided aph-1 appears to play a role in postembryonic germ-line proliferation, and previous studies have demonstrated that maternally provided sel-12 can rescue the germ-line proliferation defects of hop-1; sel-12 double mutants (12) .
Human presenilins have been found to exist in high molecular weight complexes that include the APH-2͞Nicastrin protein.
Presenilins appear to function at the cell surface in the intramembranous cleavage of Notch in response to ligand stimulation, and recent studies suggest that APH-2͞Nicastrin may directly influence this cleavage event (5) . We have shown that embryos lacking presenilin function and aph-1 mutant embryos both show a similar defect in APH-2͞Nicastrin localization. The APH-2 localization defect is observed in all cells of the 4-cell stage embryo, including the anterior-most cell (ABa), which does not contact the ligand-expressing cell (P2). Thus, cells have at least one requirement for aph-1 and presenilin function that is independent of ligand-stimulated Notch processing. The observation that presenilins have a role in APH-2͞Nicastrin localization raises the question of whether a similar requirement for presenilin function contributes to Alzheimer's disease in humans.
Future studies are needed to clarify whether cells have additional requirements for aph-1 upon ligand stimulation of Notch. For example, formation of an APH-1-APH-2-presenilin complex could be a prerequisite for transport of these proteins to the cell surface, where the tripartite complex subsequently mediates the intramembranous cleavage of ligand-activated Notch. Thus, APH-1 may prove to be a functional component of the large presenilin complex presumed to mediate intramembranous cleavage events. Alternatively, it is possible that APH-1 function is limited to the endoplasmic reticulum, where it promotes the assembly or modification of an APH-2-presenilin complex. It will be interesting in future studies to determine whether the human APH-1 orthologues have an essential role in the presenilin-mediated processing of amyloid precursor protein, the process that is defective in patients with Alzheimer's disease, in addition to potential roles in Notch signaling.
